In plants, knowledge about linkage disequilibrium (LD) is relevant for the design of efficient single-nucleotide polymorphism arrays in relation to their use in population and association genomics studies. Previous studies of conifer genes have shown LD to decay rapidly within gene limits, but exceptions have been reported. To evaluate the extent of heterogeneity of LD among conifer genes and its potential causes, we examined LD in 105 genes of white spruce (Picea glauca) by sequencing a panel of 48 haploid megagametophytes from natural populations and further compared it with LD in other conifer species. The average pairwise r 2 value was 0.19 (s.d.¼0.19), and LD dropped quickly with a half-decay being reached at a distance of 65 nucleotides between sites. However, LD was significantly heterogeneous among genes. A first group of 29 genes had stronger LD (mean r 2 ¼0.28), and a second group of 38 genes had weaker LD (mean r 2 ¼0.12). While a strong relationship was found with the recombination rate, there was no obvious relationship between LD and functional classification. The level of nucleotide diversity, which was highly heterogeneous across genes, was also not significantly correlated with LD. A search for selection signatures highlighted significant deviations from the standard neutral model, which could be mostly attributed to recent demographic changes. Little evidence was seen for hitchhiking and clear relationships with LD. When compared among conifer species, on average, levels of LD were similar in genes from white spruce, Norway spruce and Scots pine, whereas loblolly pine and Douglas fir genes exhibited a significantly higher LD.
INTRODUCTION
In angiosperm species, for which abundant genomic sequence data are available, linkage disequilibrium (LD) and nucleotide diversity have been estimated quite precisely. For example, genetic diversity parameters have been described at the whole-genome level for Arabidopsis (Nordborg et al., 2005; Kim et al., 2007) , maize (Yan et al., 2009) ; http://www.panzea.org), rice (http://irfgc.irri.org), soybean (Lam et al., 2010) or at the chromosome level for wheat (Horvath et al., 2009) . From these surveys of LD, Kim et al. (2007) estimated that B140 000 single-nucleotide polymorphisms (SNPs) would be required for the whole scan of the 125-Mb genome of Arabidopsis, whereas Yan et al. (2009) estimated this number between 240 000 and 480 000 SNPs for the 2400-Mb genome of maize. A genome-wide analysis showed that LD is so low in grapevine (r 2 o0.20 even between very close sites in Vitis vinifera) that whole-genome sequencing will be required for genome-wide association analyses (Myles et al., 2010) .
Both LD and polymorphism levels are affected by recombination rates, which seem distinct across various plant life forms: herbs, shrubs and trees (Jaramillo-Correa et al., 2010) . Moreover, recombination rates observed in conifer genomes are different from those of other plant species: they are significantly lower in conifer trees (gymnosperms) than in angiosperm species, both at the genome and at the gene levels (Jaramillo-Correa et al., 2010) . Studies of small gene sets have shown low-to-moderate levels of nucleotide diversity and LD decaying within gene limits in several conifer species (Brown et al., 2004; Neale and Savolainen, 2004; Pot et al., 2005; Heuertz et al., 2006; González-Martínez et al., 2006b; Pyhäjärvi et al., 2007; Wachowiak et al., 2009; Li et al., 2010; Namroud et al., 2010) . Higher LD was found in Douglas fir genes with a half-decay of LD over 1 kb, on average (Eckert et al., 2009a) .
Therefore, candidate gene approaches have been proposed early on as a logical way to reduce the genome space to be screened to identify nucleotide variation involved in the genetic variance of complex traits in natural populations (Neale and Savolainen, 2004; González-Martínez et al., 2006a) . Association studies involving candidate genes have been successful to detect genetic polymorphisms associated with phenotypic variation in loblolly pine (González-Martínez et al., 2008) , Douglas fir (Eckert et al., 2009b) , Sitka spruce (Holliday et al., 2010) and white spruce .
Recently, a study reported nucleotide polymorphism based on complete or nearly complete gene sequences for five regulatory genes in natural populations of three boreal spruce species (Namroud et al., 2010) . Among these genes, the levels of LD were generally low but notable heterogeneity among genes and species was observed (Namroud et al., 2010) . In several plant species, whenever a sufficient amount of data was analyzed, wide ranges of nucleotide diversities and LD were found (Kim et al., 2007) . This trend indicates that larger sets of genes should be analyzed in conifers to get a more complete picture of LD of the gene space. The information obtained should contribute to build more efficient gene SNP arrays for use in association studies (González-Martínez et al., 2008) and for outlier detection among natural populations or environments (Namroud et al., 2008; Prunier et al., 2011) . Accordingly, we sequenced a large number of genes in natural populations of white spruce to assess LD and its contributing factors more completely, and to compare with results obtained for other conifers. To do so, we also considered some more limited sets of genes publicly available for other conifer species. As the methods used and estimators presented in the publications were not always the same, we conducted de novo LD analyses for these data sets using the same parameters as those used for the white spruce dataset.
MATERIALS AND METHODS
The set of 105 genes analyzed in this study was drawn from lists of white spruce candidate genes putatively involved in growth, adaptation, development and tissue differentiation. These lists have been constructed over the years by mining transcriptomic data and by comparison of gene expression across tissues to identify putative markers of wood tissues (Pavy et al., 2008b) . This analysis was restricted to the partial sequences of 105 genes due to budgetary considerations. Annotations of these genes are provided in Supplementary  Table 1 . The sequences have been submitted to GenBank (accession numbers HQ407558-HQ412273).
Sampling and DNA extraction
The sample of 48 haploid megagametophytes was representative of as many mature white spruce trees distributed in a range of B1000 km across Quebec in Eastern Canada, and was part of the Canadian Forest Service white spruce germplasm collection. The area sampled represents a small part of the transcontinental natural distribution of the species and did not harbor any significant population structure (Namroud et al., 2010) . DNA was isolated using a Dneasy Plant Mini Kit (Qiagen, Mississauga, ON, Canada). Genomic DNA was amplified using the kit WGA2 (Sigma-Aldrich, Oakville, ON, Canada) for genomePlex whole-genome amplification.
PCR amplification and DNA sequencing
PCR reactions were performed in 30 ml containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5-2.0 mM MgCl 2 , 200 mM of each dNTP, 200 mM of both 5¢ and 3¢ primers and 1.0 Units platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). Approximately 5-20 ng genomic DNA was used as template. The primer sequences are provided in Supplementary Table 1. A Peltier thermal cycler (DYAD DNA Engine, MJ Research, Waltham, MA, USA) was used, with the following thermal cycling profile: 4 min at 94 1C, followed by 35 cycles of 30 s at 94 1C, 30 s at annealing temperature optimized between 54 and 58 1C for each pair of primers and 1 min at 72 1C, followed by 10 min at 72 1C. Each PCR fragment was directly sequenced in both directions using a Perkin-Elmer (Applied Biosystems, Foster City, CA, USA) 3730 XL DNA sequencer (Applied Biosystems, Foster City, CA, USA) using BigDye Terminator cycle sequencing kits version 3.1. On average, the number of valid sequences obtained per gene sequenced was 44.8 (out of 48 megagametophytes submitted to sequencing).
Data analysis
Sequences were aligned using Windows 32 SeqMan version 5.05 (DNASTAR Inc., Madison, WI, USA) and using the BioEdit sequence alignment editor version 5.0.9 (Tom Hall, Department of Microbiology, North Carolina State University). Sequence alignments were converted into NEXUS files for analysis in DnaSP (version 5.10, http://www.ub.es/dnasp; Librado and Rozas (2009) ). Insertion-deletion polymorphisms were excluded from the analysis (Tenaillon et al., 2001) . Nucleotide diversity parameters p and Watterson's y were calculated on a per-site basis.
The degree of LD was estimated based on pairwise comparisons between informative sites (Si) only (sites that have a minimum of two nucleotides that were present at least twice). We computed the squared allele frequency correlation r 2 (which is also commonly named Zns according to Kelly (1997) ) using DnaSP (Librado and Rozas, 2009 ). The statistical significance of each pairwise test was determined using Fisher's exact test at a level of Pp0.05 after Bonferroni's correction. To investigate the decay of LD with physical distance, we used the method described by Remington et al. (2001) , in which a non-linear least squares estimate of r per base pair is estimated. To compute the expected values E(r 2 ), we used the formula from Hill and Weir (1988) in a R script (http://www.r-project.org/). We computed the results for each locus separately and for the complete merged data set. As recommended in other studies, genes with a low level of polymorphism were excluded to adequately evaluate LD at the single gene level (Tenaillon et al., 2001; Wachowiak et al., 2009) . Genes exhibiting a minimum of 15 pairwise site comparisons were kept (Pot et al., 2005) . After applying this cutoff, 67 genes were retained for single gene analysis, which aimed at evaluating the relationship between LD and other parameters at the gene level, including nucleotide diversity, recombination, gene function and selection.
The minimum number of recombination events, R M , was estimated using the four-gamete test proposed by Hudson and Kaplan (1985) . We scaled R M by the number of informative sites (Si). The maximum-likelihood estimator of recombination (r) based on independent linked pairs of sites (Hudson, 2001) was also estimated using the LDHAT software (McVean et al., 2002 ; http:// www.stats.ox.ac.uk/~mcvean/LDhat/LDhat1.0/LDhat1.0.html).
To evaluate deviations from neutrality, the following statistics were computed with the software DnaSP: Tajima's D (Tajima, 1989) , D* and F* proposed by Fu and Li (1993) , F s (Fu, 1997) and Fay and Wu's H (Fay and Wu, 2000) . The latter was estimated only for the 52 genes for which an adequate outgroup sequence could be matched among the 67 genes that had 415 pairwise site comparisons. The outgroups for this test were sequences from Pinus taeda. All tests assumed random mating and sampling. To determine the significance of deviation from the standard neutral model (SNM), we computed 1000 replicates by coalescent simulation with the DnaSP software (Librado and Rozas, 2009 ). As variable recombination was found among genes, these analyses were conducted following two conditions: either with an intermediate recombination level as calculated in DnaSP using the formula of Hudson (1987) or with the recombination rate as estimated in LDHAT using the formula of Hudson (2001) . We observed few differences between the two methods: using the recombination rate per gene calculated with the formula of Hudson (1987) resulted in a slightly higher number of significant tests. To evaluate whether LD and potential departures from the SNM were related, we used the results obtained with the intermediate recombination rate per gene obtained with the formula of Hudson (1987) . All results obtained with both methods are reported in Supplementary Table 1 . To test our data against the demographic models described by Namroud et al. (2010) , we used the 'ms' software (Hudson, 2002) .
Each statistic was corrected for multiple tests using the positive false discovery rate method (Storey, 2002) with the QVALUE software (http:// genomics.princeton.edu/storeylab/qvalue/).
RESULTS

Sequence diversity
We analyzed 105 gene loci partially sequenced over 48 haploid megagametophytes of white spruce (Picea glauca (Moench) Voss). In total, B3.19 Mb of sequence data were generated for the entire sample of 48 megagametophytes. In average, 72 905 bp were screened per individual and 656 bp were sequenced per gene (ranging from 293 to 1342 nucleotides).
The mean nucleotide diversity p was 0. (p¼0.0005) and 5 SNPs were observed in the 975 nucleotides of the exons (p¼0.0003). In total, there were only 7 haplotypes among the 46 megagametophytes successfully sequenced. We calculated or retrieved nucleotide diversity values of genes sequenced in other conifer species including values from 18 genes for Picea abies (Heuertz et al., 2006) , 18 genes for P. taeda (González-Martínez et al., 2006b), 14 genes for Pinus sylvestris (Pyhäjärvi et al., 2007) and 121 genes for Pseudotsuga menziesii var. menziesii (Eckert et al., 2009a) (Table 1) . We then compared the distributions of p values for all sites, synonymous and non-synonymous sites between species (including white spruce). Comparisons between species were also made for non-coding DNA, except P. menziesii var. menziesii, for which information about non-coding regions was not available. For coding sequences, there was no significant difference in p values between species neither for synonymous nor for non-synonymous sites (Wilcoxon's rank sum test, P40.05). In non-coding sequences, significant differences were noted between p values from P. glauca (median of p nc ¼0.0042) and P. abies (median of p nc ¼0.0011) (Wilcoxon's rank sum test: Pp0.05 after Bonferroni's correction), as well as between values from P. abies and P. taeda (median of p nc ¼0.0057) (Wilcoxon's rank sum test: Pp0.05 after Bonferroni's correction). The difference between the distribution of p nc values for P. abies and P. sylvestris was not significant (Wilcoxon's rank sum test: P40.05), despite a large difference in average values (mean of p nc ¼0.0018 for P. abies and p nc ¼0.0066 for P. sylvestris); indeed, the s.d. among P. sylvestris p nc values was high (s.d. of p nc ¼0.0100), and the median values were similar (median of p nc ¼0.0011 for P. abies and p nc ¼0.0014 for P. sylvestris), indicating a skewed distribution for P. sylvestris p nc values. However, for the other species, mean and s.d. values were in the same range (Table 1) .
Levels of LD
The 105 genes sequenced in white spruce contained 1007 informative SNPs (Table 2) , which translated in an average of 9.6 informative SNPs per locus (s.d.¼8.8). They generated 8314 pairwise site comparisons, out of which 897 remained significant after Fisher's exact tests and applying Bonferroni's correction. Thus, 10.8% of the pairwise comparisons between informative sites were in significant LD. The average of squared allele-frequency correlations (r 2 ) over all 8314 pairwise comparisons was 0.19 (s.d.¼0.19) ( Table 2) . We plotted the r 2 values between all informative sites against the distance between sites, and we fitted the expectation of r 2 to these observed data ( Figure 1 ). With the merged data set including all 105 white spruce genes, we observed a rapid decrease of LD over distance (Figure 1) : the distance at which r 2 was half of the initial value was 65 nucleotides (half-decrease of LD) and the distance at which r 2 was 0.20 was 87 nucleotides (Table 2) .
LD across conifer species
The LD levels were compared among five conifer species (Table 2) . The frequency of the significant pairwise site comparisons was the highest for Douglas fir (30.5%), followed by pines (23.1% in P. taeda, 18.6% in P. sylvestris) and spruces (10.8% in P. glauca and 5.4% in P. abies) ( Table 2 ). In terms of mean r 2 values, P. glauca was at the low end, together with P. abies and P. sylvestris (Table 2; Figure 2 ). LD in genes from P. taeda and Douglas fir represented a less drastic drop of LD over distance than for the other three species (Table 2; Figure 2 ). Eckert et al. (2009a) reported a half-decay of LD over 1000 bp in Douglas fir genes, which is substantive and above values for all other conifers investigated so far, at the opposite of the observations for white spruce.
The mean r 2 values were computed on a gene-by-gene basis for genes exhibiting at least 15 pairwise comparisons (see the 'Materials (Hudson and Kaplan, 1985) divided by the number of informative sites.
e r is the maximum-likelihood estimator of the recombination parameter based on independent linked pairs of sites (Hudson, 2001 ).
f Data reported by Eckert et al. (2009a) .
g
The exact distance could not be re-estimated. However, based on the reported relationship between r 2 values and the distance between sites, the distance for r 2 ¼0.20 could be estimated from sliding windows of 50 bp. For pairs of sites separated by 700-750 bp, the average r 2 value was 0.20.
LD in white spruce genes N Pavy et al and methods' section) for P. glauca, P. abies, P. taeda and P. sylvestris (we did not have this information for each gene from Douglas fir). Their distributions were compared between species in a pairwise manner. Before applying Bonferroni's correction, the differences between P. taeda and each of the three species P. glauca, P. abies and P. sylvestris were significant (Wilcoxon's rank sum test: Pp0.05). However, after Bonferroni's correction, only the difference between P. taeda and P. glauca remained significant (Wilcoxon's rank sum test: Pp0.05). These tests corroborated the above observations about the ratio of significant pairwise site comparisons, as well as results derived from the model relying on the formula from Hill and Weir (1988) (Figure 2 ).
LD across white spruce genes and relationship with nucleotide diversity For the 67 white spruce genes exhibiting at least 15 informative pairwise site comparisons and used to estimate LD parameters on a gene-by-gene basis (see the 'Materials and methods' section), the mean r 2 value was 0.19 (s.d.¼0.13), thus representative of the overall mean r 2 value obtained in the merged data set of 105 genes (Table 2 ). Figure 1 shows the diversity of curves derived from the model by Hill and Weir (1988) . LD patterns were highly heterogeneous across genes and gene families. In comparison with a previous study reporting LD levels for five genes encoding transcription factors in different spruce species (Namroud et al., 2010) , LD heterogeneity was more substantive in this study based on a much expanded gene set (Supplementary Figure 1) . The 67 genes were divided into 2 groups depending on whether their mean r 2 values was above or under the overall mean r 2 value obtained with the merged data set of 105 genes. Accordingly, 29 genes were classified with an above-average LD and 38 other genes with a below-average LD. The mean r 2 value was 0.28 for the aboveaverage group and 0.12 for the below-average group. The r 2 values in these two groups were differently distributed (Wilcoxon's rank sum test: Pp0.01). However, the difference between the p values between the two groups was not significant (Wilcoxon's rank sum test: P40.05). Accordingly, the mean r 2 and p values were not correlated in the group of genes with higher LD (Spearman's rank correlation:
À0.31, P¼0.10), nor in the group with weaker LD (Spearman's rank correlation: À0.05, P¼0.74). For example, a sequence (gene no. 31) encoding an arabino-galactan protein had a low LD (mean r 2 ¼0.054) but a nucleotide diversity twice as large as the average (p¼0.0081). This lack of correlation between the mean r 2 and p values at the gene level is shown in Figure 3 . In the group of 29 white spruce genes with higher LD, on average, LD decreased by 50% over 394 nucleotides. Four genes had a mean r 2 value above 0.50, which is high as compared with values reported elsewhere for other conifer genes. They showed no decline of LD along the sequenced fragments: gene no. 26 with 723 nucleotides sequenced and encoding a cellulose synthase had a mean r 2 of 0.50; gene no. 102 with 577 nucleotides sequenced and encoding a leucine-rich repeat kinase had a mean r 2 of 0.72; gene no. 106 with 502 nucleotides sequenced and encoding an EIN transcription factor had a mean r 2 of 0.59; and gene no. 38 with 711 nucleotides sequenced and encoding a b-tubulin had a mean r 2 of 0.64.
LD in white spruce genes belonging to various functional classes
From the best hit found by 'blast' searches against the NR database, we assigned gene ontology (GO) terms to the sequences using the blast2go software (Conesa et al., 2005) . We tested whether the groups with higher and lower LD included overrepresented or underrepresented GO terms. Genes with hydrolase activity hydrolyzing O-glycosyl compounds (GO:004553) or acting on glycosyl bonds (GO:0016798) were overrepresented among the 29 genes with a higher LD (P¼0.017 after Fisher's exact test), representing 8 hydrolases among the 29 genes above average LD. However, after correction for the false discovery rate, the trend was not significant for these two GO terms (false discovery rate B0.30). Thus, overall, the distribution of gene families across the two groups did not show any obvious pattern at the functional level.
The distribution of genes coding for transcription factors was checked between both LD groups, given that the white spruce data set included 38 such genes. They showed a wide range of nucleotide diversity values with p varying from 0.00032 to 0.0123. Their mean p value was 0.0041, compared with 0.0047 for the other genes, a LD in white spruce genes N Pavy et al difference that was not statistically significant (Wilcoxon's rank sum test: P40.05). There were 8 and 11 transcription factor genes in the groups with higher and lower LD, respectively. The difference in the distribution of transcription factors across the two groups was not statistically significant (w 2 ¼1.55, degree of freedom¼1, P¼0.213).
For instance, in the wrky family, one member had a mean r 2 ¼0.28 and p¼0.006, and the other a mean r 2 ¼0.12 and p¼0.007 (Figure 1c ). In the myb family, one member had a mean r 2 ¼0.33 and p¼0.0045, whereas another had a mean r 2 ¼0.10 and p¼0.0055 (Figure 1b) . Among the seven myb R2R3 genes, the levels of p and LD were quite different (Figure 1d ), which was congruent with previous results obtained for the knox-1 gene family of transcription factors in P. glauca (Namroud et al., 2010) .
LD and recombination rates in white spruce genes
The estimates of the ratio R M (Hudson and Kaplan, 1985) and r (Hudson, 2001) were used to evaluate the recombination level ( Table 2) . As the analyzed sequences were relatively short, these estimates need to be interpreted cautiously. However, the recombination estimates obtained were consistent with the LD patterns observed. Out of 105 genes analyzed, R M was null for 51 genes. As expected, genes with lower LD also had higher recombination rates ( Table 2) . The average estimate of r per site (Hudson, 2001 ) was 0.018 for the group of genes with a higher LD and 0.142 for the group of genes with a lower LD. The difference between these values was significant (Wilcoxon's rank sum test: Pp0.01). Across the 105 genes studied, the mean r 2 values and r estimates were correlated (Spearman's rank The averages of the recombination estimates obtained with the present partial gene sequences were higher than those found by analysis of complete or nearly complete genes (Namroud et al., 2010) , in agreement with the differences observed between the LD patterns (Table 2) . However, in our study, as also found by Namroud et al. (2010) with a limited set of regulatory genes on different spruce species, the recombination estimates varied extensively from gene to gene, and even within a given gene family. In the group of 52 genes for which both LD parameters and H tests could be calculated, 10 genes exhibited a significant negative Tajima's D value (Pp0.05) and 14 had a significant negative Fay and Wu's H value (Pp0.05). None of the few positive D or H values was significant. Among the 10 genes with a significant negative D value, 7 belonged to the group of genes with lower LD and 3 belonged to the group with higher LD. The 14 genes with a significant negative H value included 6 genes that belonged to the group of genes exhibiting lower LD and 8 to the group of genes exhibiting higher LD (Table 3) . No significant trend in the distribution of D or H could be observed between the two groups of genes with low or high LD (Wilcoxon's rank sum test for D values: P40.05; Wilcoxon's rank sum test for H values: P40.05) (Figure 4 ). After correcting for multiple tests (false discovery rate), none of Tajima's D values remained significant and a single H value remained significant (Qp0.05) (Table 3) . However, this correction is known to generate conservative test results (Storey, 2002) ; this is why we explored the results obtained with and without this correction (Table 3) .
LD and neutrality tests in white spruce genes
Interestingly, among the 52 genes for which an appropriate P. taeda outgroup sequence was available, 14 (27%) had a significantly negative H value, indicating that recent hitchhiking could be affecting these genes, at least those that exhibited a high LD (Table 3) . For example, one gene (no. 8) coding for a xylolucan:xylogucosyl transferase had a very highly negative H value (H¼À22.27, Qp0.05) and a high LD level (Table 3) . Testing the deviations from SNM with the various statistics highlighted two genes possibly under purifying selection (Table 3 ). These two genes (gene nos 88 and 32) were from the group with higher LD and harbored significant negative values for Tajima's D, Fu and Li's F* and D* values. They encoded a cellulase and a glycosyl hydrolase 9A (Table 3 ). This latter gene (no. 32) also exhibited a significantly negative Fay and Wu's H value, which suggests a possible selection effect (Table 3 ). The haplotype-based F s statistics (Fu, 1997) were mostly negative, reflecting an excess of rare variants; however, none of these values was significant (Table 3) . This trend towards negative values could suggest either widespread signatures of hitchhiking or recent population expansion.
The p a /p s ratio is another parameter indicative of selection with values 41 generally suggestive of positive selection (Roselius et al., 2005; Caldwell and Michelmore, 2009 ). In our data set, the average p a /p s ratio was 0.21 (in line with the average Ka/Ks ratio of 0.17 for 3374 contigs from expressed sequence tag (EST) sequences assembly, Pavy et al. (2006) ), indicating generally strong purifying selection. Three genes had a ratio 41: chr1 involved in chromatin remodeling (no. 39), a phytochrome A signal transducer (no. 60) and the Pgmyb10 transcription factor (no. 70). Among these three genes, only gene no. 60 deviated significantly from SNM (F s , D and F* values significant); it harbored five segregating sites but only two were informative, which was insufficient to reliably estimate its LD. However, the other two genes (nos 39 and 70) with p a /p s ratio 41 did not deviate from SNM (for example, non-significant Tajima's tests), but were classified as genes with higher LD (mean r 2 values of 0.20 and (Table 3) .
DISCUSSION
Nucleotide diversity
The average levels of nucleotide diversity found in P. glauca gene sequences were similar to those reported in P. sylvestris (Pyhäjärvi et al., 2007; Wachowiak et al., 2009) , P. taeda (González-Martínez et al., 2006a), P. abies (Heuertz et al., 2006) and P. menziesii (Eckert et al., 2009a) . They were also similar to those reported for the angiosperm tree species Populus tremula (Ingvarsson, 2008) , but were lower than those reported for annual species such as Arabidopsis (Schmid et al., 2005) or maize (Wright and Gaut, 2005 ; Table 4 ). Differences in nucleotide diversity across loci were obvious for white spruce and for other species (Table 4) . The large variation of nucleotide diversity values observed among white spruce genes was notable.
Such differences have also been reported for Arabidopsis, maize, sorghum and barley species (Wright and Gaut, 2005; Kim et al., 2007) . These wide ranges of nucleotide diversity among nuclear plant genes have been accounted for by different mutation rates, selection and demographic effects (Roselius et al., 2005) .
LD patterns
Comparisons among conifer species indicated that the average levels of LD in genes are generally low and quite similar among white spruce, Norway spruce and Scots pine. LD was notably higher for loblolly pine and Douglas fir genes. As compared with many patterns reported for angiosperms, LD appeared to be generally weaker in conifer genes (Table 4) . However, a possible relationship cannot be ruled out between the observed levels of LD and the range of natural diversity sampled in the various studies on LD in conifer genes. Indeed, samples sequenced in P. taeda were collected not only from natural populations but also from breeding populations (González-Martínez et al., 2006b) . Relatedness among the sampled trees might have resulted in enhanced levels of LD. The endemic distribution of P. taeda might also implicate smaller historical population size as compared with conifer species with larger distributions, which could lead to similar effects. Tajima (1989) . i Fay and Wu (2000) . j Fu and Li (1993) . k Fu (1997) . l Ratio of non-synonymous to synonymous nucleotide diversity. m Single test result remaining significant after applying a correction for multiple testing (FDR, Q-value p0.05).
In contrast, the study in P. sylvestris involved sampling natural populations from across Europe, and resulted in the detection of very low levels of LD (Pyhäjärvi et al., 2007) . In Douglas fir (Pseudostuga menziesii var. menziesii), the sequences were obtained from 24 unrelated trees collected in 6 regions located across Washington and Oregon, and representing various environments (Eckert et al., 2009a) . As for P. sylvestris (Pyhäjärvi et al., 2007) , the Douglas fir samples were widely distributed and the two species share much in terms of population genetic trends and features. However, LD was generally higher in Douglas fir than in P. sylvestris. As argued by Pyhäjärvi et al. (2011) , pooling population samples with different frequencies might have contributed to inflate LD estimates in Douglas fir, although the population structure at nuclear and cpDNA markers is generally weak in P. menziesii var. menziesii (Eckert et al., 2009a; Wei et al., 2011) . In a recent study reporting the sequencing of 14-16 genes in 3 Picea species from the Qinghai-Tibetan plateau (Li et al., 2010) , mean r 2 values were also higher than those estimated for P. glauca or P. abies (Table 4 ). The authors suggested that pooling data from different species might have inflated r 2 , given that recombination rates were admittedly high (Li et al., 2010) . Recombination rates appeared lower than those estimated herein for white spruce. Thus, structure in the data set might not be the only contributing factor to the higher average r 2 value observed in genes from these Asian spruce taxa. Although they might have been less affected by glaciations than boreal spruces (Li et al., 2010) , the restricted distribution of some of these species might also be indicative of smaller historical population size, potentially leading to increased LD. Further studies are required, whether of empirical or simulation nature, to investigate the sensitivity of LD estimates to these factors. Within the same species, wild populations usually harbor lower LD compared with their domesticated counterparts, as shown in barley (Caldwell et al., 2006) , soybean (Lam et al., 2010) , rice (Zhu et al., 2007) , tomato (Arunyawat et al., 2007; Labate et al., 2009 ) and common bean (Rossi et al., 2009) , reflecting changes in effective population size (Mather et al., 2007) . In cultivated maize, for which LD was estimated based on large sequence data sets, the mean r 2 was 0.24 over a distance of 100 nucleotides and remained above 0.20 within 2 kb (Yan et al., 2009) . Selection during the domestication process is likely the source of extensive LD (Whitt et al., 2002) .
In general, to obtain enough data to model LD patterns, data about pairwise site comparisons derived from multiple sequences are merged. This operation led to the conclusion of low LD in conifer gene sequences, which is a reflection of the general trend (Neale and Savolainen, 2004) . However, when examining the data on a gene-bygene basis, we observed that merging the pairwise comparisons masked the high level of LD characterizing some genes. In this study, contrasted LD patterns were found between gene families and also among members from the same gene family, which make patternbased predictions difficult. Heterogeneous levels of LD were also detected in other plant species, when large sequence data sets were inspected through diverse populations (Flint-Garcia et al., 2003) . LD can also be highly variable between chromosomes and between different regions within chromosomes (Yan et al., 2009) . Highly heterogeneous levels of LD were also described along the human genome, which could be partially correlated with sequence features (Smith et al., 2005) .
In white spruce, we found genes with little evidence for decay of LD across the sequenced fragments (for example, galacturonosyltransferase, EIN3 transcription factor) and other genes harboring a half-decay of LD 4600 bp (for example, cellulose synthase, two hydrolases, ethylene responsive transcription factor, LRR kinase). In conifers, only a few cases of high LD have been reported to date. Out of 18 candidate genes for drought tolerance in loblolly pine, 2 genes (ppap12 encoding a possible wall-associated protein kinase and ccoaomt-1 encoding a caffeoyl-CoA-O-methyltransferase) exhibited high LD in sequences of B500 bp (González-Martínez et al., 2006a) . However, the search for signatures of selection in these genes remained inconclusive (González-Martínez et al., 2006b) . Only three studies examined LD in genes nearly completely sequenced in conifers; they all reported high levels of LD in some genes (Lepoittevin et al., 2008; Namroud et al., 2010; Pyhäjärvi et al., 2011) . In Pinus pinaster, three genes coding for transcription factors from the HD-ZIP, LIM and MYB families exhibited high levels of LD (including the gene myb1 in complete LD over a distance of 1304 bp), as well as strong departures from SNM (Lepoittevin et al., 2008) . No evidence for hitchhiking could be found, although significantly positive values of Tajima's D and Fu's F s were observed, which could result either from a bottleneck (although the pattern was not detected for three other regulatory genes tested), from balancing selection affecting specific loci or from both (Lepoittevin et al., 2008) .
We found no systematic relationships between nucleotide diversity and LD among the white spruce genes analyzed. In our re-analysis of other conifer data sets, such a relationship could not be found for P. taeda (Spearman's rank correlation: r¼À0.14, P¼0.64 with data from González-Martínez et al. (2006b) ), nor for P. abies (Spearman's rank correlation: r¼À0.36, P¼0.18 with data from Heuertz et al. (2006) ). However, genes from P. sylvestris exhibited a relationship LD in white spruce genes N Pavy et al between LD and nucleotide diversity (Spearman's rank correlation: 0.64, P¼0.014 with data from Pyhäjärvi et al. (2007) ). The positive relationship between LD and nucleotide diversity in Scots pine could be driven by overall low levels of diversity, as the number of polymorphisms used to estimate recombination rates is related to the magnitude of variance of recombination rate estimates (Hudson, 2001) . For the set of 18 genes analyzed, this species had one of the lowest levels of nucleotide diversity, yet it was the only species for which the s.d. for p exceeded the mean for all sites. This pattern is indicative of skewed distribution, suggesting that few loci might be driving the correlation result. This trend is shown in Figure 3 . We found a significant negative relationship between LD and recombination rates in white spruce, which is coherent with expectations. Given the formula of Hill and Robertson (1968) where E(r 2 )¼ 1/ (1+4N e c) , the expected value of the disequilibrium coefficient r 2 between two loci is inversely proportional to r¼4N e c where c is the recombination rate between polymorphisms and N e the effective population size. Thus, r is a key determinant of the extent of LD and inversely, LD can be used to estimate c (Myers et al., 2005) . However, other factors influence the extent of LD, including demographic history, (Pritchard and Przeworski, 2001 ) the mating system, drift and selection, with many of these affecting the N e component of r. As indicated by Flint-Garcia et al. (2003) , it is not trivial to delineate the relative contribution of these factors to LD.
Regions of weak LD were found in the human genome that strongly co-localized with recombination hotspots (Jeffries et al., 2001) . Thus, the heterogeneity of LD levels found across genes may also be related to recombination hotspots. In line with this, we checked whether the genes with higher or weaker LD were clustered onto the white spruce genetic map (Pavy et al., 2008a) and found no evidence for such patterns. It is likely that a very large gene sampling would be necessary to identify such regions, given the haploid size of the white spruce genome in the order of 5 to 20Â10 9 bp (Murray, 1998) . In plant genomes such as in Arabidopsis, the extent of LD has been shown to vary greatly across the genome, and hotspots for recombination have been identified (Kim et al., 2007) .
We could not relate functional categories to the level of LD. Such a lack of pattern was also found in the human genome, in which most of the gene functional categories are distributed equally among regions with high or weak LD (Schmid et al., 2005) . However, in the human genome, high LD in coding regions has been reported to be associated with sequence conservation in mouse sequences (Kato et al., 2006) . Some repeats were also associated with regions of high LD (LINE repeats) or weak LD (SINE repeats, Alu sequences) (Smith et al., 2005) . In this study, no relationship was found between LD and nucleotide diversity, an indicator of sequence conservation.
LD and selection
The numerous negative Tajima's D values estimated for white spruce genes indicated a significant excess of rare alleles. Although such excess can be interpreted as the signature of positive selection, population expansion may have led to similar patterns and should also be considered as a possibility. In fact, we tested our data against a demographic model that was previously found to fit the pattern of sequence diversity in white spruce (Namroud et al., 2010) . The model was tested against the subset of 52 genes in which an appropriate P. taeda outgroup sequence was available. The model consisted of a bottleneck that occurred B25 000 ybp, followed by an expansion that started B17 000 ybp. The model fitted the data better with a more severe bottleneck than that determined by Namroud et al. (2010) (0.1% instead of 0.2%). Therefore, the excess of high-frequency alleles found in 14 genes with negative and significant H values may be related to the signature of the bottleneck that affected the species around the last glacial maximum and subsequent expansion (Namroud et al., 2010) . However, for the few genes exhibiting negative H and D values, as well as low LD, high recombination rates (for example, gene no. 12) might be interacting with selective forces to reduce the extent of LD without eliminating all high-frequency alleles possibly produced by recent hitchhiking. The excess of negative Tajima's D, Fay and Wu's H, as well as Fu's F s values noted in this study was also observed in other temperate or boreal species being largely displaced during the Holocene, such as P. abies (Heuertz et al., 2006; Namroud et al., 2010) , P. sylvestris (Pyhäjärvi et al., 2007) , P. menziesii var. menziesii (Eckert et al., 2009b) and Picea mariana (Namroud et al., 2010) . In other conifer species less displaced during the Holocene, the excess of negative Tajima's D values is not the rule. In P. pinaster populations from the Mediterranean regions and from the European Atlantic coast, and in P. taeda populations from the southeastern range of its natural distribution (in Atlantic Coastal Plain, central Florida, northern Florida, Marion County and Gulf Coast provenances), such a general skew towards negative D or H values was not observed (Pot et al., 2005; González-Martínez et al., 2006b ). This trend could be an indication that these populations were less severely affected by Pleistocene glaciations and the ensuing recolonization process than boreal species. Similarly, in Pinus species from the Tibetan plateau, the history of which has been less affected by glaciations, Tajima's D values tended to be positive (Ma et al., 2006) . These different trends support the hypothesis that skews towards negative Tajima's D values in white spruce natural populations are likely resulting from demographic history, not from widespread hitchhiking effects. Unambiguous indications for selection were only detected for a very few genes, a trend that echoes the results on Douglas fir (Eckert et al., 2009a) . Thus, no consistent relationships could be found in this study between the levels of LD and selection effects.
Practical implications
Low levels of LD were generally observed within white spruce genes. If this situation is common throughout the genome, as suggested by studies in grapevine (Myles et al., 2010) , then whole-genome scan association studies in essentially undomesticated populations will require a very large number of SNPs. It is unlikely that all necessary variants will be represented on an array in the near future. Simply to cover the gene space estimated at 32 700 genes for spruce (Rigault et al., 2011) , and at a rate of one SNP per 85 bp and an average gene size of 3-3.5 kb (Hamberger et al., 2009 ), a total of 1.1-1.3 million SNPs would be necessary. Hence, a priori information about the genes involved in specific physiological processes underlying ecological or economical characters seems essential to reduce the number of genes and SNPs that could be considered in association scans involving unrelated individuals. Recent studies indicated that for certain physiological processes or tissues, the number of candidate genes could be narrowed down to a few hundreds in trees (Pavy et al., 2008b) , which would render association scans more accessible. In addition, due to the generally rapid decline of LD at positions flanking the causative mutation, such candidate gene-based association studies in white spruce should be of high resolution and applicable across multiple breeding populations.
